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Commentary Review Series Revised

A Nested Case-control Approach to
Interactions between Radiation Dose and
Other Factors as Causes of Cancer

Charles E. Land, Ph.D.

Visiting Research Associate, Department of Epidemiology, and Health Statistician,
Radiation Epidemiology Branch, US. National Cancer Institute, Bethesda, Maryland

Summary
Often a nested case-control study is the most practicable approach to estimating

the interaction of two cancer risk factors in a large cohort. If one of the factors has
already been evaluated for the entire cohort, however, more information is already
available about its relationship to risk than could be obtained from a nested study.
A modified case-control approach is proposed, in which information about the
second, unknown factor is sought for cases and controls matched on the first factor.
The approach requires, for interaction models other than the multiplicative, a
nonstandard analytical approach incorporating cohort-based information about
the first factor. The problem is discussed in the context of breast cancer risk in a
defined cohort of female Japanese atomic bomb survivors, in relation to radiation
dose and reproductive history.

Introduction
Given a radiation-exposed population, the most thorough way to obtain informa-

tion on radiation-related cancer risk in that population is through the so-called
cohort approach, in which all members are individually aracterized with respect

to radiation exposure and subsequent cause-specific mortality or morbidity. The

outstanding example is the Life Span Study (LSS) 1 in which, by a prodigious early

effort, a fixed cohort of atomic bomb (A-bomb) survivors was defined and detailed

individual exposure histories were obtained for subsequent dose calculations. In
that continuing study, virtually complete mortality ascertainment at the level of

death certificate diagnosis is obtained through the Japanese family registry

(koseki) system, but the cohort has also been the basis for investigations of cancer

incidence using additional information sources such as local tumor and tissue

registries, autopsy files, and clinical records (e.g., Tokunaga et al .2).

Assuming complete case ascertainment, the cohort approach provides optimal

information about risk in relation to those factors for which the cohort is well
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characterized, such as radiation dose, sex, age at exposure, time of exposure, and
age and time at death or cancer diagnosis. Information on sex, age, and time is
usually obtained along with the facts of exposure and disease occurrence. Generally,
as data on risk accumulate in an exposed cohort followed over the long term, it is
possible to estimate risk more specifically in terms of age at exposure, sex, time
after exposure, and age at observation for risk. The observed variation in risk with
these and other factors can ave important consequences for risk protection and
can influence investigations of possible underlying carcinogenic mechanisms.

If the carcinogenic effects of ionizing radiation can vary according to the sex and
age of the exposed person or over time following exposure, it is not unlikely that
they also depend upon other personal characteristics tat cannot be ascertained for
cohort members without additional effort. But the cohort approach is generally
unsuited for investigating the interaction of radiation dose with other causal factors
whose values must be ascertained for individual cohort members, if the cohort is
large. The LSS cohort, for example, consists of 120,000 people including 93,000
A-bomb survivors and 27,000 nonexposed residents (in 1950) of Hiroshima and
Nagasaki. The effort now required to obtain reasonably accurate information on
(for example) history of cigarette smoking for a group of that size would be
enormous, and smoking is but one of a great many factors of potential interest.

The conventional epidemiological solution to the problem of extending a cohort
study to new variables is the so-called nested case-control approach, in which the
information is sought for all or most of the cancer cases but only a sample of the
remaining members of the cohort (controls). Inferences are not as straightforward
as with the cohort approach and one can ope only to approximate the information
that might have been obtained from the entire cohort, but the reduced cost of data
collection often makes feasible studies that otherwise could not be carried out. In
the remainder of this presentation the nested case-control approach will be dis-
cussed in te context of a study of female breast cancer incidence in the LSS cohort.
The purpose is to introduce an approach to estimation of the interaction of other
risk factors with radiation dose. The approach relies on matching of cases and
controls with respect to dose, and te incorporation of dose-response information
from the underlying cohort to obtain refined tests of interaction ypotheses uch
as additivity or multiplicativity of effect.

Breast Cancer Incidence and Radiation Dose
Increased risk of female breast cancer is one of the most comprehensively

quantified late effects of radiation exposure in man. In the most recent incidence
survey of the LSS cohort, 564 cases were observed during 1950-80. 2 The dose
response was approximately linear. Dose-related excess risks were found among
womenwhowereO-9,10-19,20-29,and3O-39yearsoldatthetimeofthebombings
(ATB), but there was no real evidence of an excess among those 40 or more years
of age ATI3. The slope of te dose response tended to decrease with increasing age
ATB. In all age cohorts for which a dose response was demonstrated, the excess risk
was apparent at least 10 years after exposure and not before (about) age 30;
subsequently the temporal distribution of the excess risk was closely similar to that
of baseline cancer risk as observed in women with low radiation doses. In other
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words, measures of relative risk remained roughly constant, within age cohorts,
over time following exposure.

Breast Cancer Epidemiology
Population rates of breast cancer vary considerably by country, with a three to

sixfold greater rate, depending upon age, in the United States than in Japan. 3 This
difference appears to be fundamentally environmental rather than genetic in origin
in the sense that descendants of Japanese immigrants to the United States have
breast cancer rates that approach those of Americans of European or African
ancestry.4

Within populations, family history of breast cancer is a strong predictor of risk,
and women with a first breast cancer are at increased risk of a second.5 Breast
cancer is generally agreed to be a hormonally related disease, as it is very rare in
men and risk in women is reduced by oophorectonW. Reproductive history is clearly
related to risk. For example, early age at first full-term pregnancy is protective
against breast cancer; there is a threefold risk advantage f a first delivery before
age 18 as opposed to a first delivery after age 30, while milliparous women have
about the same risk as parous women whose first delivery occurred at age 30 or a
little later, and apparently a somewhat smaller risk tan women whose first
full-term pregnancy occurred after age 35. Early menarche and late menopause are
each associated with increased risk levels (by about 20%).

Interactions with Radiation Dose
There is little room for doubt that radiation exposure has caused breast cancers

to occur in the LSS cohort. In the absence of that exposure, most of the cases
observed among tose under 40 years of age ATB and exposed to 0.5 G or more
probably would not have occurred. But risk in the LSS cohort probably has been
influenced also by the same factors that appear to have influenced risk in other
extensively studied populations that were not exposed to unusual levels of radia-
tion. In particular, the observed constancy Of elative risk over time following
exposure suggests that the times at which radiation-related and baseline breast
cancers appear are detennined by the same, or similar, age-related factors. A
question of some interest is whether women whom we might consider to be at
elevated risk because of reproductive history or some other factor ave a greater
risk of radiation-induced breast cancer tan women otherwise comparable with
respect to radiation dose and age. Also, te observed variation of risk by age at
irradiation suggests that the sensitivity of breast tissue or stem cells to radiation
carcinogenesis also depends upon age-related events. Possibly, tere are stages in
a woman's physical development and reproductive life at which radiation carcino-
genesis is enhanced or diminished, and it may be these stages, rather than age per
se, tat account for the age-related variation.

Inferences and Mathematical Models
In a case-control study, risk can be estimated only relative to some baseline level,

which itself cannot be estimated from the case-control data alone because the

3
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numbers of cases and controls are specified by design. The baseline level of risk can
be estimated from the underlying cohort, however, if the case-control study is a
nested one. The joint effect of radiation dose and another factor is modelled in terms
of the relative risk R(DX) of cancer for a person with dose level D and factor level
X, compared to an otherwise similar person with standard levels Do and X0. For
example, the additive family of models,

R(DX = 1 + fD) + g(X)

where f and g represent arbitrary functions, corresponds to the assumption that X
has no influence on the absolute variation in relative risk associated with D, and
thatD does notaiTectthe variation associated withX. Underamultiplicative model,

R(DX = [1 + f(D)I[l + gX) ,

the effect of changing the level of one of the two variables depends upon the level
of the other in a very specific way.

The arguments by which an additive or multiplicative interaction model might
be predicted according to multistage carcinogenesis theory are complex 6 and
beyond the scope of the present paper. At the risk of oversimplifying, if we assume
a two-stage carcinogenic process in which cancer results from an initial, irreversible
change ("initiation") followed by a subsequent change ("promotion") that is needed
before the first change can progress to cancer, additive models correspond to what
we might expect if the factors represented by D and X both act as "initiators," while
multiplicative models are more consistent with what might be obtained if one were
to act as an initiator and the other as a promoter.

If risk is essentially linear in D and in X(a reasonable assumption for dose given
Ibkunaga�s incidence study results2 and one that is at least plausible for many
factors), te additive and multiplicative models can be expressed as simple para-
metric functions,

Radd(DX = 1 + D +

and

Rmult(DX = 1 + xDXl + (2)

where cc and are unknown parameters. Each of these models is a special case of
7the more general model,

Rmi.(DX = R..It(DX"Radd(DX1 - 0

=[(l+(xDX1+W]9(1+(xD+W'-" (3)

which corresponds to the additive model for = and the multiplicative model for
= 1 (Other mixture models are possible, and indeed the choice of mixture model

is not crucial to the method, but this one, which has been used for similar purposes
by Thoinas7 and Lubin,8 aong others, is reasonably tractable computationally.)
For 0 between zero and one, te mixture model gives estimates intermediate
between those of the additive and multiplicative models. Such estimates might
correspond to a situation in which one or both of the risk factors have both initiating
and promoting effects. Values of outside this range correspond to models that

4
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might be called "subadditive" for < and 'supermultiplicative" for > It should
be emphasized, however, that these models have no obvious interpretation in terms
of the simple two-stage carcinogenic process hypothesized in the preceding para-
graph. In this discussion the mixture model is used mainly as a mathematical device
for discriminating between the simple additive and multiplicative models.

Example 1 A Conventional Nested Case-control Study
The first nested case-control interview study of breast cancer in the LSS cohort

was conducted by Nakamura et a.,9 using cases identified in an incidence study
covering the period 1950-69. 10 Of a total of 251 identified cases, 183, including 82
who had died, were available for study. One control was selected for each case,
and individually matched to it by date of birth, city of exposure, sample
classification (whether or not she was included in the clinical subcohort that is
regularly contacted by RERF for medical examinations), place of residence
(city, prefecture, or other), survival status, and date of death if deceased. Aradiation
dose response was observed for women between 10 and 40 years of age ATB but
not for those exposed at older ages, which was the expected result given the
incidence study findings.

Subjects (next of kin if deceased) were interviewed with respect to educational
level, age at menarche, age at menopause, marital history, reproductive history,
medical history, family history of cancer, and occupation. Statistically significant
associations with risk were found for age at first delivery, number of pregnancies
(among living cases and controls), and duration of marriage.

A comparison of particular interest for the present discussion is presented in
Table 1. Nakamura et al. investigated the interaction of marital and reproductive
risk factors with radiation dose by comparing relative risks among living subjects
under 40 ATB. Subjects were classified into three dose groups <1 199, and 100
rad kerma, T65D11) and two interview response groups according to whether or not
at least one of the following conditions associated with increased risk applied:
duration of marriage < 0 years, two or fewer pregnancies, and first delivery at age
27 or older.

The analysis reported in Table 1, which ignores the matching between cases and
controls, was performed using the GMBO (General Models for Binomial Outcomes)
program in the EPICURE statistical package developed at the U.S. National Cancer
Institute by Preston et al. 12 In the analysis, risk was assumed to be linear in
radiation dose, since no significant improvement in fit was obtained by introducing
a quadratic component. Both radiation dose and the composite interview variable
were significantly related to risk. The interaction models were not Statistically
distinguishable, however, even though superficially different relative risk (odds
ratio) estimates were obtained.

Motivation for a Revised Study Design
In the context of the present discussion the results of Table are disappointing.

A case-control interview study of a population, in which a strong relationship of
radiation dose to breast cancer risk had already been demonstrated, reaffirmed that

5
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Table 1. Distribution of breast cancer cases and controls by radiation dose
(T65D kerma [cGy]) and major risk factors: LSS cohort, living subjects under

40 years of age at the time of the bombings

Number of major risk actors

None One or more

> 1-99 >100 >1 1-99 >100 X2 of

No. of cases 12 8 4 18 16 10
No. of controls 25 13 1 14 14 1
Odds ratios

Observed 1.0 1.3 8.3 2.7 2.4 20.8
Fitted model

Null 1.0 1.0 1.0 1.0 1.0 1.0 16.98 5
Interview 1.0 1.0 1.0 2.5 2.5 2.5 10-27 4
Dose 1.0 1.2 9.1 1.0 1.2 9.1 5.50 3
R.dd 1.0 1.1 6.0 3.4 3.5 8.4 0.44 2
R..ft 1.0 1.1 8.1 2.3 2.4 18.6 0.23 2
Rmi. 1.0 1.4 6.7 2.3 3.2 13.8 0.23 1

NOTE: Adapted from Nakamura et al.,9 Table 12.

relationship and also confirmed certain strong relationships, established in studies

of other populations, between risk and reproductive history. It provided very little
information, however, about the interaction of radiation dose with other risk factors.

One reason is suggested by the paucity of controls in the two high-dose cells, which

gave very little power for the sort of four-way contrasts (e.g., a comparison between

two dose groups with respect to the factor-present vs. factor-absent contrast) on

which the interaction analysis is based. In fact, if there had been one fewer control

in either cell the interaction analysis would not have been possible. Apparently,

there is a conflict between the information requirements for main effects and

interactions; in particular, evidence for a radiation dose effect is provided by an

observed disparity between the dose distributions of cases and controls, but if this

disparity is too great there may not be enough information about interactions

between dose and other factors. On the other hand, an interaction analysis cannot
be done without information about the main effects involved.

Power calculations

Table 2 summarizes the results of power calculations based on the design of the

Nakamura study and the distribution of the LSS sample by radiation dose and (as

estimated from 71able 1) the interview-based variable X. In these calculations, risk

was assumed to be a linear function of dose, with a relative risk of 2.54 at Gy ((X

1. 54); this was the value estimated using dose-response data from Ikunaga et
al., restricted to ages l, -39 ATB and te period 1950-70. The relative risk for X

1 was assumed to be 2466 (O = 1466). If X is replaced by X = X - 29/78, that is,

translated to have mean zero among the controls and, therefore (approximately) in

t'he underlying cohort, te regression coefficient for )C is 090.

6
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Table 2 Power computations for interaction analyses using the study design of
Table 1, that is, whout matching on radiation dose. Power for tests of

multiplicativity and additivity as functions of the true model, number of cases
(M, and matching ratio (K)

True model Noncent. param. Power

(0) N K Mult. Add. Mult. Add.

Additive (0.0) 68 1 0.299 0 .085 .050
8 0.779 0 .143 .050

544 1 2.394 0 .340 .050
8 6.228 0 .704 .050

Mixture (0.5) 68 1 0.075 0.091 .059 .060
8 0.191 0.256 .072 .080

544 1 0.599 0.725 .121 .136
8 1.527 2.046 .235 .299

Multiplicative 68 1 0 0.366 .050 .093
(1.0) 8 0 1.021 .050 .173

544 1 0 2.927 .050 .402
8 0 8.166 .050 .815

The power calculations were performed by analyzing data constructed to conform

to the model assumptions of 1) multiplicativity between D and X, 2) additivity or

(3 a mixture wit = 5. That is, te numbers of controls were replaced by their

expected values, distributed between the two categories of X in the proportions

39:29 (from 'Iable 1) and aong the three dose categories in the proportions

564:378:58 (according to the dose distribution of the cohort), assuming inde-

pendence between X and D; similarly, numbers of cases were replaced by their
expected values corresponding to the predicted odds ratios according to the model

assumptions. Each set of (noninteger) expected frequencies was fitted to multipli-

cative and additive models, ad chi-square noncentrality parameters were calcu-

lated from the resulting deviances. In order to test te null hypothesis of

multiplicativity, for example, one might fit the multiplicative and general mixture

models to a set of data, and evaluate te difference in deviances in terms of the

chi-square distribution with one degree of freedom. The same procedure, when

applied to a set of expected frequencies, yields the noncentrality parameter of a
noncentral chi-square distribution with one degree of freedom, and statistical power

is calculated as the probability that a variate with that distribution will exceed a

given critical value.
With a nested case-control study design, it is often possible to increase statistical

power by increasing the number of controls matched to each case. That could

have been done in the Nakamura study. An option not usually available, and in

particular not in the Nakamura study, is to increase the number of cases. With

continuing follow-up of an exposed cohort, however, more cases can be antici-

pated eventually and it is therefore meaningful to inquire about power for future

7
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studiesusingthe same designbutmore cases.Accordingly, powercalculationswere
made assuming 68 total cases, and also 136,272, and 544 cases, that is, assuming
successive doublings ofthe expected numbers in each of the cells. For each ofthese
total numbers of cases, computations were made assuming 1 2 4 and controls
per case.

Only the results for 68 and 544 total cases, and for and controls per case, are
summarized in Table 2 but statistical power is plotted against number of cases and
number of controls per case in Figures 14 (solid lines only). As might be expected
from the analysis of Table 1, power is very low against the additive hypothesis when
the assumed multiplicative model is true, and against the multiplicative hypothesis
when the additive model is true, given only 68 cases and control per case, and it
is even worse when the mixture model = ) is true. Power is improved by
increasing the number of controls per case and, especially, the number of cases, but
power appreciably above 50% is attained only with an eightfold increase in cases
and with 4 or more controls per case, when either the additive or multiplicative
models are true; if the mixture model is true it remains miserably low even then.

Use of cohort-based dose-response data
A more radical solution is suggested by the observation that the dose-response

information provided by te Nakamura study was redundant; more complete
information was already available from the earlier incidence study. If that informa-
tion bad somehow been used in the interaction analysis instead of the dose-response
information from the case-control study, the design of the case-control study might
have been changed to provide more information about the main effects of the
interview variables and their interactions with radiation dose. For example, if
controls had been matched to cases by radiation dose as well as by age and city, it
would not have been possible to estimate the dose effect from the case-control data
but all comparisons in terms of other factors would have been adjusted for dose as
well as for age and city. Moreover, the high-dose odds ratios would ave had more
statistical stability because of larger numbers of controls. Thus, if the radiation
dose-response information from a cohort-based incidence study can replace that
which would otherwise be obtained from a nested case-control study, a modified
design for the case-control study may yield more refined main-effect estimates for
variables ascertained through interviews, and more powerful analyses for interac-
tions between radiation dose and these other variables.

Methods: Design and Analysis
Consider a case-control study with levels of dose D and epidemiological factor X

as in Table 1, but with cases and controls matched on D. That is, the observed
distribution of controls with respect to D is constrained to be exactly the same as
that of the cases, and the expected distribution of both with respect to D is that of
the population weighted by the relative risk of breast cancer as a function of D.
With such a design te only meaningful information about risk from the case-con-
trol data is provided by the odds ratios for X at different levels of D, which of course
are estimates not of relative risk R(DX) but of relative risk with respect to X for
fixed values of D.

8
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Figure 1. Statistical power comparisons for tests of the multiplicative interaction
hypothesis when the additive model is true: Conventional design and analysis
corresponding to Table (solid lines) vs. proposed design and analysis wh
matching on radiation dose (dashed lines). Power is calculated as a function of
number of cases (M and matching ratio (K), for tests of level .05 based on data
corresponding to the underlying relationship,

R.dd(DX = + 1.54D + 0.90X .
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Figure 2 Statistical power comparisons for tests of the multiplicative interaction
hypothesis when the mixture model, = is true: Conventional design and
analysis corresponding to Table (solid lines) vs. proposed design and analysis
with matching on radiation dose (dashed lines). Power is calculated as a function
of number of cases M and matching ratio (K), for tests of level.05 based on data
corresponding to the underlying relationship,

Rmjx(D,,X = (1 + 1.54D)(1 + .90,X)].5(l + 1.54D + .90,X).5
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Figure 3 Statistical power comparisons for tests of the additive interaction
hypothesis when the multiplicative model is true: Conventional design and analy-
sis corresponding to Table (solid lines) vs. proposed design and analysis wh
matching on radiation dose (dashed lines). Power is calculated as a function of
number of cases (N) and matching ratio (K), for tests of level .05 based on data
corresponding to the underlying relationship,

Rmun(DX = 1 + 1.54D)(1 + 0.90X)
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Figure 4 Statistical power comparisons for tests of the additive interaction
hypothesis when the mixture model, = is true: Conventional design and
analysis corresponding to Table I (solid lines) vs. proposed design and analysis
with matching on radiation dose (dashed lines) for different cohort-based esti-
matesafthedoseresponse. Poweriscalculatedasafunctionof numberof cases
(N) and matching ratio (K), for tests of level .05 based on data corresponding to
the underlying relationship,

Rix(DX = (1 + 1.54D)(1 + 0.90X)]-5(l + 1.54D + 0.90X)-5
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In terms of the multiplicative, additive, and mixture models (1)-(3) given above,
one might expect to be able to estimate the full relative risk by plugging in an

estimate from the cohort data with respect to D alone, that is, an estimate of

RA = + xD .

For the multiplicative model it seems that this is the case, since the proportional

change in R(DX) associated with changes in X for fixed D is independent of D:

Rmult(XD = R(D;(x) R(X;P)

where

R(X-,P = I W.

Thus can be estimated from the case-control data alone, in the usual way.

For the additive model the situation is more complicated:

Radd(XD = R(D;(x) R(XD;P)

where

XD = XQ + aD) (4)

Of course, x cannot be estimated from the case-control data and terefore

information is required fom te cohort study. Yet given a value for (1, the problem

is simple; is estimated in the usual way, but by fitting the case-control data to XD

instead of X.

The mixture model has the same difficulty as the additive model, which is

similarly solved given a value for cc:

Rmix(XD = R(D;c( 1 + W'(1 + WD)l R(D;(x)R(XP)'R(XD pl - 0

For the additive and mixture model analyses, the solution proposed ere for XD

is to use the estimate of cc obtained from the cohort study. As already stated, the

estimate for the cohort study lo on which the Nakamura study was based was about

1.54 (based on a linear fit to data [188 cases] for ages 10-39 ATB over 1950-70, from

Thkunaga et a.2). Two-sided, level 95 confidence limits were 094 and 25. The

results of the additive and mixture model analyses can be expected to depend upon

the coice of ot used to define XD but we can let the confidence limits define a range

of plausible values and choose the point estimate 154 as the most likely one.

Comparison among models presents no special difficulty since R(D;(X) is a

common factor and therefore the likelihood contribution of the cohort data can be

ignored in any likelibood-based comparison between models. That is, we need only

consider the likelihood contribution of the matched case-control data.

Comparison of Methods: Power Calculations
The power calculations summarized in Thble 2 were repeated for the proposed

design and analysis, using the same risk and sample size assumptions and, for the

additive and mixture model analyses, three different assumed values for Cc (the

point estimate and upper and lower confidence limits). Since increases in the
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Table 3 Power computations for interaction analyses using the proposed study design in
which cases and controls are matched on radiation dose. Power for tests of multiplicativity
and additivity as functions of the true model, number of cases ft and matching ratio (K)

Parameter Power

True model Additive Additive

(0) N K Mult aL aE au Mult. aL aE au

Additive (0.0) 68 1 0.523 0.017 0 0.019 .112 .052 .050 .052
8 0.907 0.030 0 0.033 .159 .053 .050 .064

544 1 4.182 0.016 0 0.015 .534 .052 .050 .052
8 7.255 0.029 0 0.025 .768 .053 .050 .053

Mixture (0.5) 68 1 0.127 0.095 0.189 0.310 .065 .061 .072 .086
8 0.221 0.166 0.330 0.542 .076 .069 .089 .114

544 1 1.017 1.227 1.S09 1.792 .172 .198 .233 .268
8 1.770 2.143 2.639 3.137 .265 .310 .369 .425

Multiplicative 68 1 0 0.519 0.733 0.964 .050 .111 .137 .166
(1.0) 8 0 0.904 1.281 1.688 .050 .158 .205 .255

544 1 0 5.254 5.860 6.436 .050 .630 .678 .718
8 0 9.182 10.252 11.265 .050 .858 .893 .919

NOTE: For additive model analyses, power is calculated according to whether the analysis is based
on the point esfimate for the dose-response coefficient, aE, or its lower or upper confidence bound
(CIL or ctu).

number of cases might be reasonably assumed to correspond to similar increases

in the underlying cohort study, with a consequent narrowing of the confidence

limits, these limits were calculated as 1.1 and 22, 12 and 20, and 13 and 1.8,

corresponding to the case-control study with 136, 272, and 544 cases, respectively.

The results of the power calculations are shown in abbreviated form inrable 3 and

are compared graphically with those for the original design in Figures 14

(dashed lines).

Except when the lowest plausible estimate for ot was used to test the additive

model, power is substantially higher than for the unmatched design. The advantage

is especially marked with only one control for each case, and in general the matched

approach, for any fixed number of controls per case, has power greater than that of

the unmatched design with twice as many controls. A somewhat surprising finding

is that an overestimate of x for testing the additive model hypothesis improved

power without, in this example, seriously biasing te test: with additive expected

frequencies and using the upper confidence limit for ot, the probability of a type I

error never exceeded 0054 for a test of size 0.050.

Example 2 A Case-control Study Matched on Radiation Dose
Thble 4 shows some preliminary results from a case-control study 13 of breast

cancer risk among Japanese A-bomb survivors, using cases identified in a survey

of breast cancer incidence during 1950-80. 2 Interviews were obtained from 175

living cases and 506 living controls in the local Hiroshima and Nagasaki areas, all

14
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Table 4 Distribution of breast cancer cases and controls by age at first delivery.
Cases and controls were under 40 years of age at the time of the bombings (ATB),

and were matched on age ATB cy, exposure status, and estimated
breast tissue dose (preliminary resufts)

Age at first delivery 40 ATS)

< 19 20-21 22-24 25-29 >30 Nullip Total

Cases 3 1 5 50 49 1 8 40 175
Controls 33 65 159 141 38 76 506
Odds ratio 0.19 0.39 0.60 0.67 0.99 1.00
Chi-square (deviance) for trend: 14.3

of whom were under 40 years of age ATB and 'had radiation dose estimates
calculated under the T65D dosimetry system." Either 2 or 4 controls were selected
for each case; the larger number of controls was used for individuals who had over
0.5 Gy kernia) exposure, who were from the numerically smaller Nagasaki group,
or who were younger than 20 years of age ATB. Matching was on the basis of city,
age ATB, exposure status, and radiation dose if exposed. The table sows the
distributions of cases and controls by age at first delivery, without regard to
matching. The relative risks (odds ratios), however, were computed from the
underlying matched-set data and not from the table itself. A conventional matched
analysis, 12,14 according to the model,

R(X-,P = 1 + W

whereXdenotes age atfirstdelivery, indicates a strongpositive association between
X and breast cancer risk for women of similar age ATB, city, and radiation dose.
These data are similar to those of Table in that they exhibit a strong relationship
between risk and an epidemiological factor other than -radiation dose, but they are
different in that Table 4 provides no information about radiation-related risk.

Methods: Interaction Analysis After Matching on Dose
As discussed earlier, the incidence study from which the cases in Table 4 were

selected found a strong linear association between breast cancer risk and radiation
dose for women under 40 years of age ATB. Excess relative risk per Gray tended to
decrease with increasing age ATB. The estimated average increases in relative risk
per Gray for 2exposure at ages 09, 10-19, and 20-39 ATB were 53 26, and 12,
respectively. Accordingly, the radiation dose-response information from the cohort
study can be represented by

R(D;aA = 1 + xAD

where R(D;(xA) denotes risk relative to dose zero, D is breast tissue dose in Gray, A
is age ATB, and xA is 53 26, or 12 according to the value of A.

An important consideration is that, in the cohort study, R(D;(xA) was fitted
without reference to the age at first delivery, X. If we assume that X and D are
unrelated in the cohort, that is, tat the distribution of X is the same within

15
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different dose and age-ATB strata, it must be true that ocA pertains to the reference
set of women with dose zero and the population mean value of X. It follows then,
that if the choice of a reference value for X makes a difference to the calculation,
the preferred reference value is the mean. Henceforth in this discussion, therefore,
it will be assumed that X has been adjusted to have mean value zero.

It is not possible to estimate oA from the case-control interview data. The
analysis of Table 4 essentially a inear regression of the matched case-control data
on X, assessed patterns of nonhomogeneity with respect to X between cases and
controls, within matched sets. Matching on dose effectively eliminated any such
nonhomogeneity forD. The majorfactors related to availability of cases and controls
for interview, on the other hand, were vital status and migration from Hiroshima
and Nagasaki after 1950. Neither migration nor the proportion of cases resulting
in death has been related to dose 2 and therefore there is no reason to believe that
the dose-response relationship is different among sample members available for
interview than in the entire LSS sample. It follows tat information about age-
specific) dose response obtained from the entire LSS sample is applicable to the
restricted case-control sample.

In principle, the problem of estimating interactions between age at first delivery
and dose according to models M-0) is one of analyzing data that are more or less
complete for breast cancer risk in terms of certain variables, such as radiation dose,
age, sex, and calendar time, and incomplete with respect to certain others, suc as
age at first delivery (Table 5). Thus, in the additive interaction model (1),

RddA(DX) = 1 + XAD + 9 ,

the odds ratios within a matched set, in which everyone has virtually the same
values of A and D, are

R(XAD;P = 1 + WAD

where

XA, D = X I XAD)

Given XAD for each case and each control, RXAD;P) can be estimated from the
case-control data alone, using standard methods. In addition, the distribution of X
can be estimated from the case-control data as a function of A, D, and case-control

Table 5. Summary of interaction analyses of breast cancer case-control data:
Radiation dose, D, vs. age at first delivery, X, controlled for age at the time of

the bombings, A (preliminary results)

Model Parameter estimates X2 df

Rrk(DX = [ + aA DW OXA 0 + aA D + X)'-' 0 = 28, l = 069 17.1 2

Rmdd(DX = + aA D + X l =085 6.8 1

Rrr.ul(DX = (1 + aAD)(1 + OX) fl =101 14.3 1

16
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status, and therefore it should be possible to refine the estimate of CA given tat
information and an estimate of P. Since ocA is estimated by regressing risk on D, the
correction is essentially P times the appropriately weighted regression of X on D,
for fixed A. Thus, for example, an iterative procedure might be used in which CA is
first estimated from the cohort data and XAD is defined for each case and control,
and then P is estimated from the case-control data in the usual way, according to
model 4). On iterations other than the first (e.g., iteration i + 1), XAD might be
defined not in terms of the original estimate qA but in terms of the current, iterated
value obtained in the process,

A A

N ,i = aAi - PiDA1 - PXD')

where is the regression of X on D, pD is te correlation of X and D, and Pi is te
estimate of P given the estimate A i obtained on the ith (i.e., previous) iteration.
The number of iterations required should depend on and pD; if they are both
small the result from the first iteration should approximate te final result.

In the case of the multiplicative interaction model 2),

R..1tA(DX = (1 + xADXl + W = R(D;(xA)R(X;P)

P is of course estimated from te case-control data alone by regressing on X, as in
the analysis of Table 4 In the case of the general model 3),

R ni.(DX = R1 + xAD 1 + Wftl + uAD +
0 1-0= R(D;ccA) R(X;P) RXAD;P)

estimation of P and requires both the cohort and case-control data, as in the case
of te additive model. Thus, an analytical approach similar to that for the additive
model is indicated but, since the general model is a mixture of the multiplicative
and additive models, no adjustment of ' i should be required if none is needed for
the additive model.

Example 2 (continued)
In the data set from which Table 4 was obtained, the regression of age at first

delivery X on radiation dose D is small and would lead to a negligible correction to
(xA in an iterative analysis ( = 00050 and pL = 0093 for all ages A combined).
Accordingly, only first-iteration results are presented ere; that is, XAD is defined
according to (5) and xA is not adjusted.

The analysis according to the general interaction model, essentially a nonlinear
regression of the matched-set odds ratios on X and XAD i summarized in Table 6.
The reduction in deviance attributable to the model, corresponding approximately
to a ci-square variate with two degrees of freedom under the null ypothesis of no
association between risk and X or XAD, is 17. 1.

The analysis according to the multiplicative model is identical to that in
Table 4 The chi-square statistic has the value 14.3; the difference between this
value and that obtained for the general model, 17.1 - 14.3 28 (p = 094), provides
no strong reason for rejecting the multiplicative model in favor of te more general

7



PEPFCP 190

Table 6 Fitted estimates of breast cancer relative risk for radiation doses 0, 0.5, 1,
and 2 Gy; for ages at first delivery 18, 25 (population average), and 32 years; and by model

and age at the time of the bombings (ATB). The standard for each age-ATB
cohort is zero dose and age 25 at first delivery

Age at first delivery

Additive model Mult. model MMure model
.085) .101) .069, 0 2.8)

Age ATB Dose (Gy) 18 25 32 18 25 32 18 25 32

0-9 0 0.41 1.0 1.6 0.29 1.0 1.7 0.51 1.0 1.5
0.5 3.1 3.7 4.2 1.1 3.7 6.2 0.74 3.7 8.8
1.0 5.7 6.3 6.9 1.8 6.3 11.8 1.2 6.3 16.6
2.0 11.0 11.6 12.2 3.4 11.6 19.8 2.0 11.6 32.5

10-19 0 0.41 1.0 1.6 0.29 1.0 1.7 0.51 1.0 1.5
0.5 1.7 2.3 2.9 0.67 2.3 3.9 0.55 2.3 4.9
1.0 3.0 3.6 4.2 1.0 3.6 6.2 0.73 3.6 8.7
2.0 5.6 6.2 6.8 1.8 6.2 10.6 1.1 6.2 16.3

20-39 0 0.41 1.0 1.6 0.29 1.0 1.7 0.51 1.0 1.5
0.5 1.0 1.6 2.2 0.46 1.6 2.7 0.48 1.6 3.0
1.0 1.6 2.2 2.8 0.64 2.2 3.8 0.54 2.2 4.6
2.0 2.8 3.4 4.0 0.99 3.4 5.8 0.70 3.4 8.1

one. The analysis according to the additive model, on the other hand, gave a

chi-square value significantly smaller statistically than that for the general model:

17.1 - 68 = 10.3 (p =0013). This result leads to rejection of the additive model, and
to the conclusion that the excess breast cancer risk due to radiation exposure is

higher, in absolute terms, among women who are nulliparous or who first gave birth

at a late age, tan among parous women who first delivered at a young age.

The dependence of the likelihood function on the mixture parameter is shown

graphically in Figure (solid curve), in which the likelihood-based chi-square

statistic is plotted against for analyses in which was fixed at various values

between -1.0 and 70. The likelihood is maximized at 28, but is relatively flat

above 2 likelihood-based lower confidence limits for are 104 at level 90 082 at

level 95, and 056 at level 99.

Also shown in Figure are similar curves for the same analysis, but with the

dose-response coefficients xA replaced by their lower and upper confidence limits.

At confidence level.90, this means lower limits of 0.5 16, and 0.5 and upper limits

of 10. 1 36, and 19 per Gray, respectively, for ages 09, 10-19, and 20-39 ATB. 2All

three curves necessarily agree at = since the multiplicative model analysis is

independent of xA. The curve corresponding to the upper limits for UA is quite close

to the curve corresponding to the point estimates, while that for the lower limits is

less steep (at zero dose response the curve would be flat). In this example, the
analysis is not particularly sensitive to statistical variation in the dose-response

information from the cohort study; the inferences that would be drawn from the

1 8
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curve corresponding to the lower limits for ccA are only a little weaker than those
drawn from the curve that corresponds to the point estimates.

The parameter estimates according to the general model are 0069 for and 28
for 0. Thus the fitted model corresponds to a supermultiplicative" interaction
model, whichhas no obvious biological interpretation; according to the fitted model
the excess risk at a given radiation dose varies more by age at first delivery than
would be predicted even by the multiplicative model. Some idea of the differences
among the three fitted models can be obtained from te predicted relative risks in
T'able 6 for different ages at first delivery, adiation dose levels, and ages at
exposure. In these comparisons, the standard for each age at exposure is at zero
radiation dose and age 25 at first delivery; the latter value is the average among
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controls in the case-control study, if nulliparous women are arbitrarily assigned age
30 for this variable.

The relative risk estimates tabulated in Mable 6 illustrate the caveat that
accompanied the introduction of the mixture model: The fitted model gives a
radiation dose response for exposure after age 20, given that the first delivery
occurred at age 18, that is nonlinear and actually decreases over the range between
zero and 0.5 Gy. It important to recognize that this is a consequence of the
mathematical form of the mixture model, and that a negative dose response in that
dose range was not actually found for women who first delivered at young ages. In
other words, with that particular mathematical form, such a wide disparity aong
high-dose estimates at different ages at first delivery requires a radiation dose
response that is initially negative for women with young ages at first delivery. Ib
reiterate, the purpose of the mixture model as used here is to help evaluate the
adequacy of two interaction models that have some theoretical justification, and
not necessarily to serve as a basis for risk estimation.

Summary and Conclusions
In this presentation we have discussed the use of the nested case-control

approach to investigate the interaction between radiation dose and other factors in
relation to cancer risk. The discussion pertained to the special case in which
radiation dose and cancer incidence have been observed for all or most members of
a large cohort, but in which it is impracticable to obtain similarly complete data on
other risk factors that might modify the carcinogenic action of radiation dose. A
study design is suggested in which cases and controls are matched on radiation
dose in addition to the usual known factors like age. This design is a departure from
common practice, and is intended to maximize information about interactions
between dose and certain other factors about which information is available only
for te matched cases and controls.

The design requires a modified analysis incorporating dose-response information
from the larger cohort. The proposed analytical method is an adaptation of existing
methods for matched case-control data, rather than a unified approach to the
simultaneous analysis of cohort and nested case-control data, and a more refined
method probably can be developed (see, e.g., Breslow and Cain 15 for an approach
to a problem that has some similarities to the present one). The proposed method
does, however, approximate a unified approach in tat it allows for modifications
to the cohort-derived estimates of the dose response in view of the case-control
findings.

Power calculations, based on a simple study design with only three radiation
dose levels and two levels of an epidemiological risk factor, show that for discrimi-
nating between additive and multiplicative interaction models, te proposed design
has substantial advantages over the conventional approach, given main effects like
those observed for breast cancer risk among Japanese A-bomb survivors. In addi-
tion, under the assumptions made for the power calculations, the proposed method
appears to be reasonably robust against statistical variation in the cobort-based
estimates of te radiation dose response.
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Preliminary results from a new study of breast cancer risk among A-bomb
survivors, carried out according to the new design and analytic procedure, indicate
a strong protective effect of early age at first childbirth against both baseline and
radiation-induced breast cancer risk. The latter finding, based on rejection of the
additive interaction model, required incorporation of dose-response estimates from
an underlying cohort study of breast cancer risk and radiation dose; it did not,
however, appear to be heavily dependent upon the values of the estimated risk
coefficients as long as these were consistent with te cohort data.

Acknowledgments
The present paper, although reasonably self-contained, is essentially a

methodological appendix to the epidemiological case-control study of
breast cancer risk among Japanese A-bomb survivors, from which Tables
4-6 were derived. The methodology presented here probably would not
have been developed (at least, not by the present author) without the
challenge of that study and the very considerable efforts of the following
collaborators: Stella G. Machado, Norihiko Hayakawa, Suminori Akiba,
Yutaka Yamada, Malcolm C. Pike, and Masayoshi lbkunaga. These scien-
tists made major contributions to the design, conduct, and analysis of the
case-control study itself. A different kind of acknowledgment is owed to a
number of statisticians and epidemiologists at the National Cancer Insti-
tute and te Radiation Effects Research Foundation, wo over a period of
several years patiently listened to, and offered suggestions for, te analyti-
cal method that was finally used. I am particularly grateful to Jay Lubin
and Sholom Wachholder for their insights into analytic methodology and,
especially, for ceerfully enduring numerous interruptions to act as sound-
ing boards while the final details were being worked out.

References
1. Preston DL, Kato H, Kopecky KJ, Fujita S: Studies of the mortality of A-bomb survivors.

8. Cancer mortality, 1950-1982. Radiat Res 111:151-7, 1987
2. Tokunaga M, Land CE, Yamamoto T, Asano MIbkuoka S, Ezaki H, Nishimori I: Incidence

of female breast cancer among atomic bomb survivors, Hiroshima and Nagasaki, 1950-
1980. Radiat Res 112:243-72, 1987

3. Waterhouse J, Muir C, Shanmugaratnam K, Powell J (Eds.): Cancer Incidence in Yve
Continents, Vol. rV Lyon, France: International Agency for Research on Cancer, 1982

4. Buell P: Changing incidence of breast cancer in Japanese-American women. J Natl
Cancer Inst 51:1479-83, 1973

5. Kelsey JL, Hildreth NG: Breast and Gynecologic Cancer Epidemiology. Boca Raton, Fla.:
CRC Press, 1983

6. Brown CC, Chu KC: Additive and multiplicative models and multistage carcinogenesis
theory. Risk Analysis 899-105, 1989

7. Thomas DC: General relative-risk models for survival time in matched case-control
analysis. Biometrics 37:673-86, 1981

21



RERFCR 190

8. Lubin JH: Models for the analysis of radon-exposed populations. Yale J Biol Med
61:195--214,1988

9. Nakamura K, McGregor DH, Kato H, Wakabayashi T: Epidemiological study of breast
cancer in A-bomb survivors. RERF TR 977.

10. McGregor DH, Land CE, Choi KIbkuoka S, Liu PI, Wakabayashi T, Beebe GW. Breast
cancer incidence among atomic bomb survivors, Hiroshima and Nagasaki, 1950-1969.
J Natl Cancer Inst 59:799-811, 1977

11. Milton RC, Shohoji T: Tentative 1965 radiation dose estimation for atomic bomb
survivors, Hiroshima-Nagasaki. ABCC TR 168.

12. Preston DL, Lubin JH, Pierce DA: Epicure User's Guicle. Seattle, Wash.: Hirosoft
International, 1990

13. Yamada Y, and CE, Hayakawa N: Interaction between radiation dose and host factors.
An epidemiological case-control study of female breast cancer in atomic bomb survivors.
RERF RP 14-79.

14. Lubin JH: Acomputer program for the analysis of matched case-control studies. Comput
Biomed Res 14:138-43, 1981

15. Breslow NE, Cain KC: ogistic regression for two-stage case-oontrol data. Biometrika
75:11-20, 1988

22


